Combination treatment of ledipasvir and sofosbuvir (LDV/SOF) is first-line treatment for patients with chronic hepatitis C genotype 1 in the United States, Europe, and Japan. However, the influence of LDV/SOF on the cardiovascular system is poorly characterized. A total of 470 chronic hepatitis C patients who started LDV/SOF treatment between September 2015 and February 2016 at nine hospitals in Japan were prospectively enrolled in this study. Corrected QT (QTc) prolongation was defined as a QTc interval ≥450 milliseconds. The sustained virologic response rate was 96.0% (451/470), and the discontinuance rate due to adverse effects was 0.9% (4/470). Among 395 patients whose electrocardiogram was evaluated over time and compared with baseline, the QTc interval was significantly prolonged during treatment and returned to baseline levels 12 weeks after the end of treatment. Twenty-four of 376 patients with baseline QTc intervals <450 milliseconds experienced on-treatment QTc prolongation. Higher aspartate aminotransferase-to-platelet ratio index scores (≥0.76; odds ratio, 4.375; P = 0.005) and longer QTc intervals (≥416 milliseconds; odds ratio, 4.823; P = 0.003) at baseline were significantly associated with on-treatment QTc prolongation on multivariate analysis. Patients with cirrhosis showed significantly longer QTc intervals than those without cirrhosis during treatment but not at baseline, and they developed on-treatment QTc prolongation at a higher rate than patients without cirrhosis. No cardiovascular events occurred, except for 1 patient who developed paroxysmal supraventricular tachycardia. Conclusion: Newly developed QTc prolongation was observed in 6.4% of Japanese patients during treatment and was associated with more advanced fibrosis. (H epatology Communications 2018;2:884-892).
A ntiviral treatments for patients with chronic hepatitis C virus (HCV) infection have changed from interferon-based treatment to interferon-free treatment using multiple direct-acting antivirals. Ledipasvir (LDV; an HCV nonstructural protein 5A protease inhibitor) plus sofosbuvir (SOF; an HCV nonstructural protein 5B polymerase inhibitor) treatment is a once daily medical compound for oral use and shows high sustained virologic response (SVR) rates and low discontinuous rates for patients with 885 chronic HCV genotype 1 infection in clinical trials. (1) (2) (3) (4) LDV/SOF treatment is one of the first-line choices for patients with chronic HCV genotype 1 infections in the United States, Europe, and Japan. (5) (6) (7) SOF was approved in December 2013 for patients with HCV infections by the U.S. Food and Drug Administration, and an SOF-based regimen has been shown to be relatively safe. However, in the combination treatment of SOF and another direct-acting antiviral for patients with chronic HCV infection, 9 patients experienced extreme bradycardia in postmarketing reports. (8) All 9 patients took amiodarone by mouth; 1 patient died and 3 patients needed a pacemaker insertion. European guidelines for hepatitis C recommend that amiodarone and SOF should not be co-administered. (6) Regarding the adverse cardiac events in phase 3 trials, 1 patient experienced unstable angina during LDV/SOF treatment. (1) (2) (3) In a Japanese phase 3 trial, 2 patients receiving LDV/SOF plus ribavirin treatment among 341 patients receiving LDV/SOF with or without ribavirin treatment experienced severe adverse cardiac events (including cardiac arrest and acute myocardial infarction). (4) Regarding electrocardiography, Hagiwara et al. (9) reported that corrected QT (QTc) prolongation during LDV/SOF treatment was observed in 2 out of 17 patients who were able to be evaluated by electrocardiography over time. However, the patient sample size was small, the factors associated with QTc prolongation were not investigated, and data on the QTc interval during LDV/SOF treatment were not examined in phase 3 trials.
In the present study, we investigated the effect of antiviral treatments on the QTc interval as well as the overall efficacy and safety of treatment in a prospective cohort of patients with chronic HCV genotype 1 infection who were treated in general practice.
Patients and Methods

stuDy patients
This study is a multicenter prospective study conducted by Osaka University Hospital and other hospitals affiliated with the Osaka Liver Forum. A total of 470 consecutive patients with chronic HCV genotype 1 infection who started the fixed-dose LDV/SOF combination treatment between September 2015 and February 2016 at 9 institutions were enrolled in this study.
Inclusion criteria were patients aged 20 years old or more and infected with HCV genotype 1. Patients with decompensated cirrhosis (Child-Pugh grade B or C), signs of liver failure, hepatocellular carcinoma (HCC), hepatitis B virus or human immunodeficiency virus co-infection, other causes of liver disease (e.g., primary biliary cholangitis or autoimmune hepatitis), and comorbidities, such as immunodeficiency or severe chronic renal failure (estimated glomerular filtration rate under 30 mL/minute/1.73 m 2 ), were excluded. This study was conducted in accordance with the ethical principles outlined in the Declaration of Helsinki, and the Ethics Committee of Osaka University Hospital and institutional review boards of all hospitals affiliated with the Osaka Liver Forum approved this study (UMIN000018561). Written informed consent was obtained from all study patients.
tReatment pRotoCol anD Data ColleCtion
Patients received a fixed dose, once daily, oral tablet of LDV (90 mg/day) plus SOF (400 mg/day) (HARVONI; Gilead Science, Foster City, CA) for 12 weeks. For safety aRtiCle inFoRmation: evaluation, physical examinations and blood tests were performed at 1 week, 2 weeks, and every 2 weeks until the end of treatment (EOT). A liver biopsy was performed prior to initiating LDV/SOF treatment. Trained liver pathologists confirmed diagnoses and scored the grade of activity and fibrosis of liver tissues based on the meta-analysis of histological data in viral hepatitis (METAVIR) histological score. (10) Liver cirrhosis was diagnosed according to a METAVIR score of F4 in cases when liver biopsy was performed and according to clinical findings in cases without liver biopsy. Clinical findings included characteristics of liver cirrhosis on a liver imaging test or blood test or physical findings and gastroesophageal varix by gastroendoscopy. We evaluated serum levels of creatinine, alanine aminotransferase, total bilirubin, neutrophil, and hemoglobin and platelet counts as laboratory adverse events according to the Common Terminology Criteria for Adverse Events version 4.0 (https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_40).
eleCtRoCaRDiogRam eXamination
Electrocardiography was performed at baseline, 4 weeks, 8 weeks, 12 weeks, and 12 weeks after the EOT. QTc interval measurements were automatically calculated according to Bazett's formula (QTc = QT/√RR) or ECAPS, which is a correction formula based on a linear regression technique, (QTc = QT + (1−RR)/7) by the electrocardiogram machine. The maximal value of QTc intervals ≥450 milliseconds was defined as QTc prolongation because QTc intervals ≥450 milliseconds were considered grade 1 adverse events in the Common Terminology Criteria for Adverse Events version 4.0. Patients with a history of atrial fibrillation were excluded from the analysis by electrocardiogram.
assessment oF tHe ViRologiC Response
Serum HCV-RNA levels were routinely monitored during and after the treatment by using real-time polymerase chain reaction (COBAS TaqMan HCV version 2.0; quantitative range 1.2 to 8.0 log 10 IU/mL; Roche Diagnostics K.K., Tokyo, Japan). Serum HCV-RNA negativity at 24 weeks after the EOT was classified as SVR24.
statistiCal analysis
The continuous baseline variables were described as the median value and range, and categorical baseline variables were described as absolute frequencies. The Wilcoxon signed-rank test was used to analyze the differences in the QTc interval during and after treatment, and the Mann-Whitney test was used to analyze the differences in the QTc interval and delta QTc interval for patients with chronic hepatitis and liver cirrhosis at each time point. Fisher's exact test or the chi-square test was used to analyze categorical data. Univariate and multivariate logistic regression analyses were used, and all continuous variables were divided according to the median value in the analyses of factors associated with QTc prolongation (QTc interval ≥450 milliseconds). All statistical analyses were conducted using SPSS version 22.0 (IBM, Armonk, NY), and a two-tailed P value of <0.05 was considered statistically significant.
Results
Baseline CHaRaCteRistiCs oF stuDy patients
The median age was 70 years, and 22.1% (104/470) of patients were diagnosed with liver cirrhosis (Table 1) . Among the 104 patients with liver cirrhosis, 33 were diagnosed by liver histology (F4) and 71 were diagnosed clinically. Fifty-three patients (11.3%) had a history of HCC treatment. These 53 patients received curative treatment for HCC before LDV/SOF treatment, and signs of HCC recurrence were not observed on liver imaging. Additionally, 51.1% (240/470) of patients had never received antiviral therapy.
tReatment eFFeCt
Virologic responses were assessed using intention-to-treat analysis. HCV-RNA negativity rates at the EOT and 12 and 24 weeks after the EOT were 98.1% (461/470), 97.9% (460/470), and 96.0% (451/470), respectively (Supporting Fig. S1 ). Two patients died before being classified as SVR12, and 4 patients relapsed after the EOT. Thirteen patients were lost to follow-up on classification as SVR24 and were counted as non-SVR.
saFety anD CHaRaCteRistiCs oF patients leaDing to DisContinuation
Nine patients experienced an increase in creatinine levels (1.5-3 times baseline values) ( Table 2) . One patient discontinued treatment after 4 weeks because of renal impairment. One patient experienced an increase in alanine aminotransferase (3-5 times upper limit of normal), and 10 other patients experienced an increase in bilirubin (1.5-3 times upper limit of normal); however, none of these patients discontinued treatment or experienced signs of liver failure. Regarding cardiovascular events, 1 patient developed a paroxysmal supraventricular tachycardia at week 1 and was treated with verapamil hydrochloride but safely completed LDV/SOF treatment. The patient who developed a paroxysmal supraventricular tachycardia was a 56-year-old woman who was clinically diagnosed with liver cirrhosis (liver biopsy was not examined). Abbreviations: ALT, alanine aminotransferase; BL, baseline; ULN, upper limit of normal.
She had a history of cancer of the ovary; however, she had no history of cardiovascular disease and was not receiving any medication at the time she started LDV/ SOF treatment. Other patients did not develop cardiac events needing medical treatment, such as severe heart failure or arrhythmia. None of the study patients took amiodarone by mouth. Four patients discontinued LDV/SOF treatment due to adverse events, and the discontinuous rate was 0.9%. In the 4 patients who discontinued LDV/SOF treatment, 3 patients were aged 80 years or more, 3 patients had liver cirrhosis, and all 4 patients were treatment naive (Table 3) . Reasons leading to discontinuation were hyperkalemia, pneumonia, sudden death, and renal impairment. Two out of 4 patients died (cases 2 and 3). One patient was an 84-year-old man with underlying chronic obstructive pulmonary disease and liver cirrhosis who died because of pneumonia 10 weeks after a 1-week administration of LDV/SOF (case 2). The other patient was a 72-year-old woman with underlying liver cirrhosis; she died at week 2 from a sudden unexplained death (case 3).
eFFeCt oF lDV/soF tReatment on QtC pRolongation
Electrocardiography could be evaluated in 395 patients at baseline, 4 weeks, 8 weeks, 12 weeks, and 12 weeks after the EOT (Supporting Fig. S2 ). The QTc interval during treatment was significantly longer than baseline during treatment and returned to the same level as baseline 12 weeks after the EOT (Fig. 1A) . The QTc interval was prolonged to 481-500 milliseconds during treatment (grade 2 adverse event) in 2 patients and to 501 milliseconds or more (grade 3 adverse event) in 1 patient; however, all 3 patients completed LDV/SOF treatment without cardiovascular events. No patient experienced grade 4 QTc prolongation. Abbreviations: CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; IFN, interferon. Twenty-four (6.4%) out of 376 patients with QTc intervals <450 milliseconds at baseline experienced on-treatment QTc prolongation (QTc interval ≥450 milliseconds) during treatment (Table 4) . We collected data on co-administered drugs on the 24 patients who experienced on-treatment QTc prolongation. With the exception of 1 patient who was treated for a paroxysmal supraventricular tachycardia, there were no changes in other drugs for these patients after starting administration of LDV/SOF.
FIG. 1. Changes in QTc interval
In univariate analysis, total bilirubin levels (P = 0.046), aspartate aminotransferase-to-platelet ratio index (APRI) scores (P = 0.005), and QTc intervals at baseline (P = 0.004) correlated with on-treatment QTc prolongation. Multivariate analysis using these three factors revealed that higher APRI scores (≥0.76; odds ratio, 4.375; P = 0.005) and longer QTc intervals at baseline (≥416; odds ratio, 4.823; P = 0.003) were significant independent factors associated with on-treatment QTc prolongation. No patient met a diagnostic criterion for long QT syndrome.
Because the noninvasive indicator of liver fibrosis, the APRI score, independently correlated with QTc prolongation during treatment, we compared the rate of QTc prolongation during treatment in patients with or without cirrhosis. The QTc prolongation rate during treatment was much higher in patients with cirrhosis than in patients without cirrhosis (Fig. 2) . The QTc interval was significantly longer in patients with cirrhosis than in patients without cirrhosis during treatment, but this difference was not observed before treatment and disappeared after treatment (Fig. 1B) . In addition, we investigated the delta QTc interval (changes in the QTc interval between baseline and each time point). At 8 weeks, the delta QTc interval was longer in patients with cirrhosis than in patients without cirrhosis (Supporting Fig. S3 ).
Discussion
The present study revealed a high SVR24 rate of 96.0% and demonstrated that the discontinuous rate Abbreviations: ALT, alanine aminotransferase; BMI, body mass index; BNP, brain natriuretic peptide; FIB-4, fibrosis 4.
FIG. 2.
Incidence of on-treatment QTc prolongation (QTc interval ≥450 milliseconds) during treatment in patients with chronic hepatitis and liver cirrhosis.
was only 0.9% for Japanese patients with chronic HCV genotype 1 infection in clinical practice. Although the age of this cohort was older than that of previous clinical trials (mean age in previous trials, 51-60 years old), the effect and safety of LDV/SOF treatment in clinical practice were very high and of similar magnitude to clinical trials that implemented LDV/SOF treatment with or without ribavirin. (1) (2) (3) (4) The present study demonstrated for the first time that the QTc interval was significantly prolonged during LDV/SOF treatment and then returned to a baseline level after treatment. In addition, this study revealed that newly developed QTc prolongation (QTc ≥450 milliseconds) was observed in 6.4% of patients and was associated with liver fibrosis. According to a safety test on healthy subjects, the administration of SOF for a single therapeutic (400 mg) or supratherapeutic (1,200 mg) dose or supratherapeutic doses of LDV (120 mg twice daily) for 10 days alone did not prolong the QTc interval. (11) The difference in the duration of administration, the administration of multiple direct-acting antivirals, and lack of any liver disease may be possible reasons for the difference between the present study and the previous safety test.
QTc prolongation is an important electrocardiogram finding. (12) (13) (14) According to reports of patients with or without cardiac disease, patients with QTc prolongation had a 2-fold to 3-fold effect on sudden death compared with patients without QTc prolongation. (13, 14) A QTc interval >450 milliseconds has been reported as a risk factor for all-cause and cardiovascular mortality in several populations. (15, 16) QTc prolongation was divided into congenital or acquired factors, such as an electrolyte abnormality, or taking certain types of drugs. (17) (18) (19) (20) A variety of drugs, including anti-arrhythmic drugs, histamine H 2 receptor antagonists, hypocholesterolemic agents, and psychotropic drugs, were reported to prolong the QTc interval. (21) (22) (23) Morganroth et al. (21) reported that 1.1% (4/360) of patients experienced QT prolongation (QT interval >550 milliseconds) after the administration of quinidine. Yun et al. (22) reported that 15.5% (56/362) of patients experienced QTc prolongation (QTc interval >450 milliseconds) after the administration of famotidine. Reinoehl et al. (23) reported that 16% (58/359) of patients experienced QTc prolongation (QTc interval ≥450 milliseconds) after the administration of probucol, and predrug QTc interval and female sex were significantly associated with QTc prolongation. In the present study, QTc prolongation (QTc interval ≥450 milliseconds) was observed during SOF/LDV treatment in 6.4% (24/376) of patients whose baseline QTc interval was <450 milliseconds.
In this study, baseline APRI scores and QTc intervals were significantly associated with QTc prolongation during LDV/SOF treatment ( Table 4 ). The APRI score is a noninvasive fibrosis diagnostic tool that can be calculated using routine laboratory data (aspartate aminotransferase level and platelet count) and was widely recognized as correlating with liver fibrosis in patients with chronic hepatitis C. (24, 25) Therefore, we examined the association between QTc prolongation and liver fibrosis. The QTc interval and delta QTc interval from baseline were significantly longer in patients with cirrhosis than in patients without cirrhosis during treatment ( Fig. 1B; Supporting Fig. S3) , and the QTc prolongation rate during treatment was much higher in patients with cirrhosis than in patients without cirrhosis (Fig. 2) . In patients with liver cirrhosis, the QTc interval was reported to be longer than in patients without cirrhosis. (26, 27) The underlying mechanism was not fully investigated, but activation of sympathetic nerves was reported as a possible mechanism. (26, 28) For the metabolism of LDV/SOF, the plasma exposure of LDV or SOF in subjects with severe liver impairment was similar to or modestly higher than that in patients with normal liver function. (11) These factors might be part of the cause of QTc prolongation during LDV/ SOF treatment in patients with liver cirrhosis, but the specific mechanism is unclear. On the other hand, baseline QTc intervals were similar among patients with cirrhosis and patients without cirrhosis in the present study. Bernardi et al. (26) reported that the QTc interval was prolonged along with an increased ChildPugh score. In the present study, patients with cirrhosis with only a Child-Pugh grade A score were enrolled, and this may be a possible reason why the baseline QTc interval did not change between patients with cirrhosis and patients without cirrhosis at baseline.
There are several limitations of the present study. First, this is an observational study and includes some missing values. Among 470 patients, electrocardiography was not evaluated in 75 patients (16%) over time. However, electrocardiography could be evaluated in about 400 patients over time, and the present study is the first report to describe changes in the QTc interval during LDV/SOF treatment. Second, several conditions with electrolyte abnormalities and co-administered drugs may affect the QTc interval. However, serum electrolyte levels were not studied in the present study and co-administered drugs were examined only in patients with on-treatment QTc prolongation. Third, the present study was conducted only in Japanese patients and the influence of race could therefore not be examined. Fourth, our cohort was older than those typically studied in clinical trials and the proportion of younger patients was relatively small.
In conclusion, the QTc interval is slightly but significantly prolonged during LDV/SOF treatment. In our cohort, the incidence of QTc prolongation during treatment was 6.4% and no cardiovascular events occurred, except for one case of arrhythmia. During treatment, the QTc interval and the delta QTc interval from baseline were longer and the incidence of on-treatment QTc prolongation was higher in patients with cirrhosis than in those without cirrhosis. Clinicians need to be aware of the potential for QTc prolongation with LDV/SOF, especially in those with cirrhosis, and should consider monitoring on a caseby-case basis.
